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Meiosis: Avoiding inappropriate relationships
James E. Haber
Meiosis is distinguished from mitosis by the way
double-strand breaks are made and by the synapsis and
segregation of homologous chromosomes. Recent
studies with the yeast Saccharomyces cerevisiae have
identified some of the key players that link homologous
recombination to synaptonemal complex formation.
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Recombination between homologous chromosomes in
meiosis is far more complicated than equivalent events in
mitotic cells. Although both types of event are initiated by
double-strand breaks and require the participation of a
large set of common recombination proteins, meiotic
recombination involves many additional proteins that give
meiosis its special character. Several recent papers have
provided important new insights into these special meiotic
functions in the budding yeast Saccharomyces cerevisiae
[1–3]. These yeast studies will be the main focus of this
dispatch, but important related findings have also recently
been made in studies of the fruitfly Drosophila [4,5], the
nematode Caenorhabditis [6] and the mouse [7,8]. 
Meiotic recombination
The aim of mitosis is to create two identical cells out of
one, both having the same genetic content as their parent
cell. To achieve this, each chromosome is copied during S
phase to create identical sister chromatids, which are
segregated to the daughter cells during mitosis. The sister
chromatids frequently undergo recombination during
mitosis in order to repair double-strand DNA breaks. This
recombination has no genetic consequences, however, as
the sister chromatids are identical. And even when repair
does occur between homologues, double-strand break
repair events — detected as so-called gene conversions —
are only rarely associated with crossing-over, ensuring that
there will be no loss of heterozygosity of more distal
genetic markers. 
Meiosis has a different aim — to segregate one of each pair
of homologues to the daughter cells, which are
consequently haploid. In meiosis, many recombination
events occur on a single chromosome, double-strand breaks
are rarely repaired from sister chromatids, and the propor-
tion of gene conversions associated with crossing-over is
often as high as 50%, guaranteeing that the chromosomes
inherited by the offspring will be a patchwork of maternal
and paternal information (reviewed in [9,10]). Crossing-
over is in fact essential for proper chromosome segregation
and, from yeast to humans, ‘non-exchange’ chromosomes
— those that do not undergo crossing-over — exhibit a
high rate of non-disjunction. But as too many exchanges
may be as bad as too few, a phenomenon known as interfer-
ence acts to limit the number of cross-overs per chromo-
some and ensure that they are widely spaced. 
Many of the unique properties of meiotic recombination
are apparently enforced by the synaptonemal complex, a
proteinaceous structure that lies between the synapsed
homologous chromosomes. The synaptonemal complex
regulates the exclusion of sister chromatids as partners for
recombination, and also the positions and frequency of
crossing-over. The complex consists of two lateral
elements and a central core. The two lateral elements are
derived from two earlier-forming axial elements that are
laid down between sister chromatids after premeiotic
DNA replication. (It is important to remember that only a
tiny fraction of the DNA is actually associated with these
proteinaceous structures; most of the DNA is present in
loops that terminate in the synaptonemal complex.) In S.
cerevisiae, the formation of the tripartite synaptonemal
complex and the synapsis of homologous chromosomes
depend on at least the initiation of recombination [9,10].
Meiosis-specific strand-exchange proteins
In S. cerevisiae, some meiosis-specific recombination
properties can be attributed to the Dmc1 protein, a
meiosis-specific homologue of the omnipresent Rad51
DNA strand-exchange protein. Exactly how these two
proteins divide up the job in meiosis is not clear.
Immunolocalization studies have shown that the two
proteins are often, but not always, at the same foci,
presumably sites of recombination where the proteins
form filaments embracing the single-stranded ends that
overhang double-strand breaks and their homologous
recombination targets [3,11,12]. Gasior et al. [3] have
recently shown that these foci are dependent on the pres-
ence of other recombination proteins, specifically Rad52,
Rad55 and Rad57. 
The situation would be clearer, were it not for some
profound strain differences in the phenotypes of mutants
lacking Dmc1 or Rad51. In SK1 yeast strains, the absence
of Dmc1 causes an arrest of the meiotic cycle at the stage
known as pachytene, where recombination presumably is
normally completed, whereas a rad51 mutant completes
meiosis and produces spores with reduced viability [13]. In
BR yeast strains, however, a dmc1 diploid produces spores
with reduced viability, whereas a rad51 mutant cannot
complete meiosis [14]. An SK1 dmc1 rad51 double mutant
is dramatically reduced in recombination, as assayed both
genetically and by the formation of joint molecules [15]. In
the double-mutant cells, homologous chromosomes are for
a long time unsynapsed, although the axial elements along
each homologue are visible. Eventually, though, homo-
logues do synapse and form the tightly opposed arrange-
ment that normally occurs prior to the first meiotic division
(D. Bishop, personal communication). This late synapsis
may depend on recombination mechanisms that are inde-
pendent of Rad51 and Dmc1 [16].
The universal importance of Dmc1 in meiosis has recently
been demonstrated by two groups working on the mouse
homologue of Dmc1 [7,8]. Both groups found that Dmc1-
deficient knockout mice are unable to complete meiosis;
the homologous chromosomes are completely unsynapsed
in pre-meiotic cells, with each homologue displaying an
axial element. Mouse meiosis is thus more profoundly
affected by the absence of Dmc1 than yeast meiosis. 
Recombination and synaptonemal complex formation
Another player in meiotic recombination has recently
been identified in S. cerevisiae. This is Spo11, a putative
topoisomerase that is responsible for creating double-
strand breaks during meiosis in yeast [17,18]. Spo11
remains attached to the ends of meiotic double-strand
breaks in a variety of mutants. In the absence of Spo11, or
when the protein is not removed and the ends of the
double-strand break are not resected by 5′-to-3′ exonucle-
ases, synaptonemal complexes do not form and homolo-
gous chromosomes do not synapse. 
The universal importance of Spo11 is evident from the dis-
covery of Spo11 homologues in two other organisms, where
its absence results in an apparently complete lack of meiotic
recombination. In these mutants — mei-w68 in Drosophila
[4,5] and spo-11 in Caenorhabditis [6] — the absence of func-
tional Spo11 has very different consequences than it does in
S. cerevisiae. McKim et al. [4,5] and Dernburg et al. [6] found
that non-recombined homologues still synapse in the
Spo11-deficient mutants flies and worms, forming complete
tripartite synaptonemal complexes. 
This difference between unicellular yeast and metazoans
has inspired much discussion of whether meiotic mecha-
nisms are universal [19]. There are clearly important differ-
ences that probably reflect specific aspects of the biology
of meiosis in these different organisms. In yeast, the synap-
tonemal complex is a rather transient structure which is
dismantled, perhaps before or simultaneously with the
completion of crossing-over; in flies and worms, however,
the structure persists and has been suggested to play a
central role in the fidelity of segregation of non-exchange
chromosomes. Fly and worm chromosomes may also have
pairing sites that can bring homologues together without
recombination (reviewed in [19]). The meiotic roles of the
synaptonemal complex might be more similar in yeast and
mice, however — this is suggested by the above-men-
tioned absence of synapsis in mice lacking Dmc1, if one
assumes that the failure to carry out recombination is
equivalent to a failure to initiate it.
Synaptonemal complex formation and the Zip proteins
The synaptonemal complex does more than simply hold
two homologues together — it also regulates crossing-over
and the interference between recombination sites that
determines their chromosomal density. This has been
inferred from recent genetic studies of Zip1, the first iden-
tified protein of the central element of the synaptonemal
complex in S. cerevisiae (Figure 1) [20]. In zip1 mutants,
the frequency of crossing-over was found to be decreased
two-fold, without a reduction in the total number of gene
conversions. More nearby cross-over sites were found than
expected, however, indicating that the absence of Zip1
abolishes their usual mutual interference. In these mutant
cells, homologues were seen to be held together by a few
cross-connections (axial associations) that are presumably
the sites of recombination; these cross-connections were
absent in a rad51 zip1 double mutant.
Chua and Roeder [1] have now described another compo-
nent of the yeast synaptonemal complex, Zip2. They
found that a zip2 mutant has a phenotype indistinguish-
able from that of a zip1 mutant, perhaps because the zip2
mutation prevents assembly of Zip1 along the synapsed
homologues. But cytologically, the two proteins behaved
very differently: Zip2 localized to a relatively small
number of foci along each synapsed chromosome pair
(Figure 1). It is reasonable to think that Zip2 is attracted
to the sites of double-strand break repair, possibly by
interacting with a recombination protein, and then pro-
motes the assembly of Zip1. At early stages of synapsis,
when Zip1 structures are still distributed in a punctate
pattern along the homologues, Zip2 was always present;
Zip2 was also still present at the axial associations
between homologues in zip1 mutant cells.
There must, however, be some further, as yet unknown,
steps that link recombination to the formation of synap-
tonemal complexes. Zip2 has not been found to colocalize
with Dmc1 or Rad51 as part of some ‘recombination
nodule’. Instead, Zip2 has been seen to colocalize with
the Mre11 protein, at least in rad50S mutant cells in
which double-strand breaks are made but Spo11 is not
removed from the DNA ends. Mre11, in combination
with Rad50 and several other proteins, forms a complex
that not only excises Spo11 but also promotes 5′ to 3′
exonucleolytic degradation of these double-strand breaks.
But in rad50S strains, recombination does not occur, nor
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are Zip1-containing synaptonemal complexes formed, so
one or more steps must take place before Zip2 organizes
Zip1 into its proper structure. Nevertheless, Zip2 appears
to be a key protein that bridges the gap between recombi-
nation and synaptonemal complex formation. 
Synaptonemal complex formation and Hop2
An even more striking discovery has been made recently
by Leu et al. [2]. They have identified an S. cerevisiae
protein, Hop2, the absence of which causes profound
defects in homologous chromosome synapsis. In normal
meiosis, staining with an anti-Zip1 antibody at the
pachytene stage reveals 16 pairs of homologues. In hop2
diploids, however, Leu et al. [2] observed a scrambled
network of Zip1 (Figure 1), very similar to what is seen in
haploids tricked to enter meiosis: synaptonemal com-
plexes formed between non-homologues but not homolo-
gous chromosomes, and parts of one chromosome
synapsed with different partners. They suggest that Hop2
ensures that recombination and synapsis are restricted to
homologous chromosomes, and somehow excludes ectopic
recombination between dispersed repeated sequences.
This is obviously a highly desirable outcome, preventing
the formation of chromosome rearrangements and ensur-
ing proper chromosome segregation. 
But why should yeast even worry about this problem,
given that it has very little dispersed, repeated DNA
sequences that could participate in ectopic recombination?
Repeated subtelomeric regions actually do undergo
exchanges, but the rearrangement of chromosome ends
has no serious consequence. There are a few dispersed
retrotransposon sequences, but they seem quite refractory
to recombination associated with crossing over [21]. This
could be because of their sequence divergence — the
mismatch repair system could recognize the divergence
and act to prevent recombination. But it could also be
because they do not contain appropriate sequences that
would allow Spo11 to initiate the formation of double-
strand breaks. 
The situation is different for artificially created repeated
sequences, such as when an additional copy of ARG4 is
inserted into a different chromosome from the endoge-
nous gene. In this case, the gene carries a recombination
hotspot — the promoter regions of most genes are the
sites of Spo11 cleavage — and ectopic recombination can
be as frequent as allelic interactions [22]. Disturbingly,
ectopic recombination between relatively short sequences
is frequently accompanied by crossing-over during meiosis
— a result which suggests that Hop2 does not do a very
good job in this situation.
Leu et al. [2] make another suggestion, that Hop2 could
participate in dismantling very short, tentative, strand-
invasion intermediates, which might form during a search
for homology that is genome-wide. These might normally
almost never lead to complete recombination events. But,
in the absence of Hop2, the intermediates might persist
long enough to attract the attention of Zip2 and initiate
the assembly of Zip1 and other proteins to form synap-
tonemal complexes that link together non-homologous
chromosomes to form the network observed in hop2
mutant cells, before other stringency tests are applied to
prevent actual recombination.
To learn more about what Hop2 is doing, Leu et al. [2] have
carried out a molecular analysis of DNA undergoing recom-
bination, and discovered that hop2 mutants make double-
strand breaks, but these broken chromosomes are not
Figure 1
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Effects of three mutations on synapsis of homologous chromosomes in
S. cerevisiae. In wild-type cells, at the pachytene stage of meiosis,
homologous chromosomes (blue) are synapsed by the synaptonemal
complex, which contains the punctate-staining Zip2 (yellow) and Zip1
(red). In zip1 mutants, the central core of the synaptonemal complex is
missing, but the axial elements (not shown) are still connected by axial
associations — the presumed sites of crossing-over — with which Zip2
is still associated. In a zip2 mutant, neither Zip1 nor Zip2 are seen,
although axial associations persist. In a zip1 dmc1 mutant (not shown),
where recombination is disrupted, the axial associations are lost. In a
hop2 mutant, the synaptonemal complex forms a network between
nonhomologues, and homologues are not synapsed. In this case, the
location of Zip2 has not been determined, nor has the the effect of a
dmc1 hop2 double mutation been assessed.
repaired! This would seem to be a surprising phenotype to
result from the loss of a protein whose job it is to make sure
that non-homologous chromosomes do not participate in
recombination, especially as most double-strand breaks
would occur in regions where their only possible partner
should be on a homologous chromosome. One thing we
would like to know is whether the cytological phenotype of
a hop2 mutant cell is different from what would appear if
recombination were prevented in some other way. 
Presumably, a rad51 dmc1 double mutant, which lacks the
key strand-invasion proteins Rad51 and Dmc1, should also
have persistent unrepaired double-strand breaks. Unfortu-
nately, we do not know what synaptonemal complexes
look like when this double mutant combination is on the
same strain background as the hop2 mutant. If the hop2
mutation leads to the formation of synaptonemal com-
plexes between non-homologous chromosomes, but rad51
dmc1 does not, it would argue that the absence of Hop2
not only allows non-homologous chromosomes to get
together, but also prevents the free ends at double-strand
breaks from finding their partners on homologous chromo-
somes. The idea that Hop2 acts very early in recombina-
tion is supported by its distribution along chromosomes:
although Hop2 is not uniformly bound along chromo-
somes, it occupies many more sites than are seen for
Dmc1 or Rad51, and unlike the latter recombination pro-
teins, Hop2 still associates with chromosomes in a spo11
mutant that does not undergo recombination.
The persistence of double-strand breaks in hop2 diploids
is reminiscent of what is seen in haploid cells that are
induced to attempt meiosis. In such haploid cells, double-
strand breaks are made, but they persist — because they
have no homologous donor sequences for repair — and, as
in hop2 diploids, there is extensive synapsis between non-
homologous chromosomes [23]. The synapsis between
non-homologous chromosomes seen in hop2 diploids is, as
expected, dependent on Zip1, without which no synap-
tonemal complexes are formed. But unlike zip1 diploids,
hop2 zip1 cells show no evidence of axial associations —
the presumed sites of crossing-over. These results again
suggest that Hop2 plays a decisive role early in recombina-
tion, perhaps being as profoundly (or more profoundly)
blocked in meiotic recombination as a rad51 dmc1 double
mutant. Hop2 may start to play a role in recombination
even before Spo11-induced double-strand breaks appear. 
The recent findings reviewed here show the rapid progress
that is being made in identifying new components of
meiotic recombination in S. cerevisiae, but they also point
to the beginning of a new phase in research into meiosis.
The analysis of homologues of important yeast proteins in
flies, worms and mice is just beginning, but already we can
see some features that are universal, and other cases where
the same basic machinery is used differently to ensure
that, when meiosis is complete, chromosomes will have
been properly recombined and partitioned.
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